Erlotinib and gefitinib are small-molecule inhibitors of the epidermal growth factor tyrosine kinase. Erlotinib is approved for the treatment of locally advanced or metastatic non-small-cell lung cancer after failure of at least one prior chemotherapy regimen. Although it is active in unselected patients, clinical characteristics and tumor molecular markers associated with enhanced benefit have been identified. Notably, never-smoker status or a positive EGFR FISH test has been consistently predictive of greater erlotinib benefit. Other markers, such as EGFR mutations and EGFR protein expression, as determined by immunohistochemistry, and KRAS mutation status have not proven to be consistently associated with differential benefit.
The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase expressed in the majority of nonsmall-cell lung cancers (NSCLC) (Dazzi et al. 1989; Kaseda et al. 1989) . The efficacy of EGFR tyrosine kinase inhibitors (EGFR TKIs) in preclinical tumor models, together with their favorable toxicity profiles, led to their clinical development in NSCLC and other solid tumors (Higgins et al. 2004 ). Erlotinib and gefitinib are smallmolecule inhibitors of the EGFR tyrosine kinase, which showed evidence of antitumor activity in patients with NSCLC as single agents (Lynch et al. 2004b ). This activity was recently shown to translate to a significant survival benefit in a randomized phase III trial of erlotinib versus placebo (hazard ratio [HR] = 0.73) in second-/third-line NSCLC (Shepherd et al. 2005) , whereas gefitinib failed to demonstrate a significant survival advantage in a trial of similar design (HR = 0.89) (Tamura and Fukuoka 2005) .
Erlotinib's survival advantage in second-/third-line lung cancer was observed in an unselected patient population. However, it is possible that some patient subpopulations might derive greater benefit than others. Indeed, one hypothesis would be that patients whose tumors are most dependent on EGFR signaling for growth and survival would derive greatest therapeutic benefit, whereas patients with tumors that are functionally independent of EGFR would not derive benefit. In this review, we examine the molecular and clinical markers that have been shown to be associated with outcome in NSCLC patients treated with EGFR TKIs and we discuss how these are related to tumor dependence on signaling through EGFR.
EGFR MUTATIONS PREDICT FOR RESPONSE FROM EGFR TKI THERAPY, BUT HAVE NOT BEEN ASSOCIATED WITH PROLONGED SURVIVAL
Somatic mutations in the tyrosine kinase domain of EGFR were recently described in tumors of NSCLC patients who showed objective clinical responses (tumor shrinkage) to erlotinib (Pao et al. 2004 ) and gefitinib (Lynch et al. 2004a; Paez et al. 2004 ) monotherapy. Patients with EGFR-mutant tumors were more likely to be never-smokers, females, and of Asian ethnicity (Lynch et al. 2004a ). The frequency of heterozygous mutations varies according to the population being studied but has been reported to be approximately 10-12% in patients from the United States and 19-26% in patients from Southeast Asia.
The most frequently observed mutations are in exons 19-22 of the EGFR gene, with approximately 90% being either in-frame deletions in exon 19 or a L858R substitution in exon 21 (Pao et al. 2004) . Functional analysis of the mutant receptors in cell lines shows evidence of specific gain of function, with elevated ligand-dependent activation of the receptor. Furthermore, the mutants were inhibited by lower concentrations of gefitinib and erlotinib compared with wild-type EGFR (Lynch et al. 2004a; Paez et al. 2004; Pao and Miller 2005) . Thus, EGFR mutations appear to define tumors that are dependent on EGFR signaling and that are responsive to EGFR inhibition.
Compared to wild-type EGFR, the mutant EGFR selectively activates the Akt and STAT signaling pathways, which support cell survival, but has no effect on ERK signaling, which induces cell proliferation (Sordella et al. 2004) . Consistent with this observation, NSCLC cells expressing mutant EGFR undergo apoptosis upon treatment with EGFR TKIs, suggesting that mutant EGFRs selectively support tumor cell survival, on which NSCLCs become dependent. This could account for the higher frequency of objective tumor responses seen in patients with mutant EGFR-bearing tumors upon treatment with an EGFR TKI.
In a Korean study of 90 consecutive NSCLC patients treated with gefitinib monotherapy, the response rate was 14% (10/73) in EGFR wild type and 65% (11/17) in EGFR mutant tumors, respectively. Of patients who responded, 48% were EGFR wild type and 52% were EGFR mutant (Han et al. 2005) . A similar observation has been made in patients who respond to erlotinib Pao et al. 2004 ).
The impact of EGFR mutations on survival has been analyzed retrospectively in samples from three randomized trials. Two of these were negative trials (TRIB-UTE/erlotinib [Eberhard et al. 2005] and INTACT-2/gefitinib [Bell et al. 2005a] ), where an EGFR TKI was combined with chemotherapy in first-line lung cancer therapy. In both trials there were increased tumor response rates in patients with EGFR mutant tumors that were in the EGFR TKI treatment arm (statistically significant in TRIBUTE and a trend in INTACT-2). However, there was no evidence of a statistically significant treatment effect of mutation status on either progression-free survival or survival. In both studies, patients with EGFR mutated tumors had a better prognosis, regardless of the therapy arm. In BR.21, a monotherapy trial that showed a positive survival advantage in the overall patient population, EGFR mutation status was associated neither with an overall survival benefit, nor with a better prognosis (Tsao et al. 2005) . Interestingly, data from an underpowered, and as yet unconfirmed, study suggest that specific EGFR mutations may have unique clinical characteristics, as EGFR TKI-treated patients with exon-19 deletion mutations had longer median survival than patients with the L858R point mutation (34 months versus 8 months) (Riely et al. 2006 ). This observation should be considered in future analysis of data from clinical trials.
Some patients with tumors bearing EGFR mutations, who have progressed on erlotinib or gefitinib therapy, have been shown to contain an additional EGFR mutation. This secondary mutation in exon 20 leads to substitution of methionine for threonine at position 790 (T790M) in the kinase domain (Pao et al. 2005a ). An analogous mutation (T315I) has been observed in the ABL kinase in association with acquired resistance to imatinib (Branford et al. 2002) , suggesting that this may be a common therapyassociated TKI escape mechanism in tumors with activating mutations in the tyrosine kinase domain. The emergence of additional mutations on therapy suggests the tumor is dependent on activation of the EGFR pathway for its survival and growth. Interestingly, susceptibility to inherited NSCLC may be associated with the germ-line transmission of the T790M mutation, suggesting that altered EGFR signaling is also important in the genetic susceptibility to lung cancer (Bell et al. 2005a ).
INCREASED EGFR GENE COPY NUMBER APPEARS TO BE THE MOLECULAR MARKER THAT IS MOST POSITIVELY PREDICTIVE FOR EGFR TKI SURVIVAL BENEFIT
EGFR gene copy number has been studied as a predictive marker for patients treated with EGFR inhibitors, on the assumption that increased gene copy number, and/or amplification, indicates tumor dependency on the EGFR pathway (Cappuzzo et al. 2005; Hirsh et al. 2005a ). EGFR copy number was assessed by FISH in both BR.21 and ISEL (Hirsh et al. 2005b ) and correlated with clinical outcome. Greater survival benefit was seen in the EGFR fluorescence in situ hybridization (FISH)-positive (amplification and high polysomy) patients compared with EGFR FISH-negative patients (Fig. 1) . Current information indicates that a positive EGFR FISH test is the best single molecular marker for prediction of clinical benefit of erlotinib monotherapy. Whereas some EGFR FISH-negative patients may respond to erlotinib therapy, a negative EGFR FISH test indicates less likelihood of a clinical benefit. The predictive value of FISH testing is being further assessed prospectively in a number of ongoing randomized phase III trials.
EGFR PROTEIN EXPRESSION BY IMMUNOHISTOCHEMISTRY AND CLINICAL BENEFIT
In general, EGFR protein expression by immunohistochemistry (IHC) has not been as reliable a predictor of clinical benefit (Table 1) as FISH. In BR.21 and Tribute, EGFR protein expression was assessed by IHC using the Dako Cytomation EGFR pharmDx ™ kit. Univariate analysis of EGFR protein expression in BR.21 showed that survival was prolonged in erlotinib versus the placebo group. However, EGFR IHC positivity was not a statistically significant covariate when a multivariate analysis was performed.
Performance of EGFR IHC is dependent on the antibody used, tissue fixation, and storage time of tissue sections prior to staining (Atkins et al. 2004 ). The last two variables, fixation and storage time, were not standardized in either study, which could have had an impact on the outcome of the analysis. Control of the key variables that affect perfor- Analysis of response rate in NSCLC patients with either erlotinib or gefitinib suggests that KRAS mutations were associated with a lack of tumor regression (Pao et al. 2005b ). Retrospective analysis of tumor tissues from 264 (25%) of the patients in TRIBUTE suggests that patients with KRAS mutant tumors experience worse survival when erlotininib was combined with chemotherapy (HR = 2.06: 95% CI = 1.11-3.80), compared with those treated with chemotherapy alone (HR = 1.05: 95% CI = 0.73-1.50). This negative interaction appears to be related to expression of EGFR, because in patients in whom both EGFR IHC and KRAS mutation status were available, there was a significant association with poor outcome in patients with KRAS mutant tumors that expressed EGFR (Table 2) . mance of EGFR IHC should be incorporated in all ongoing prospective studies that include EGFR IHC testing.
KRAS MUTATIONS, WHICH ARE ASSOCIATED WITH SMOKING HISTORY, SELECT FOR A POPULATION OF PATIENTS THAT DO NOT APPEAR TO BENEFIT FROM EGFR TKI THERAPY
The RAS/MAPK pathway is a major signaling network that links EGFR activation to cell proliferation and survival (Atkins et al. 2004) . Mutations in downstream effectors of EGFR signaling could lead to resistance to EGFR inhibitors (Yarden and Sliwkowski 2001; Bianco et al. 2003) . In NSCLC, the most frequently reported alteration in EGFR signaling pathways is mutation of the KRAS gene (Huncharek et al. 1999; Nelson et al. 1999; Ahrendt et al. 2001; Broermann et al. 2002; Keller et al. 2002; Rajagopalan et al. 2002; Grossi et al. 2003; She et al. 2003) . KRAS mutations occur in approximately 20% of NSCLC, are consistently associated with smoking , and have been associated with poor prognosis (Graziano et al. 1999; Huncharek et al. 1999; Nelson et al. 1999; Schiller et al. 2001; Broermann et al. 2002; Keller et al. 2002; Rajagopalan et al. 2002; Grossi et al. 2003) . Because EGFR and KRAS function sequentially in the MAPK signaling pathway, activating mutations in these two molecules might be functionally redundant. Consistent with this hypothesis, in the large majority of NSCLC tumors examined to date, EGFR and KRAS mutations were mutually exclusive (Eberhard et al. 2005; Tam et al. 2006) . It is unclear why a negative interaction was observed when erlotinib was administered in combination with chemotherapy in patients whose tumors bore KRAS mutations. It will be important to determine whether this observation is confirmed by retrospective analysis of other randomized controlled trials. Erlotinib has been shown to prolong survival when administered in combination with gemcitabine in pancreatic cancer, a tumor where KRAS mutations are very common.
NEVER-SMOKER STATUS IS CONSISTENTLY PREDICTIVE OF GREATER PATIENT BENEFIT (SURVIVAL AND RESPONSE) FOR ERLOTINIB OR GEFITINIB MONOTHERAPY AND FOR ERLOTINIB IN COMBINATION WITH CHEMOTHERAPY
Lung cancer patients who have never smoked tobacco have consistently shown a benefit from both erlotinib and gefitinib (Table 3 ). This novel therapeutic observation is unique to EGFR TKIs and has been observed in phase III trials with erlotinib (BR.21) (Shepherd et al. 2005 ) and gefitinib (ISEL) monotherapy as well as for erlotinib in combination with chemotherapy (TRIBUTE) .
Studies have suggested that tumors arising in neversmokers are molecularly and biologically distinct and may be associated with a better prognosis (Sanchez-Cespedes et al. 2001). Never-smokers are more likely to have mutations than smokers in the tyrosine kinase domain of EGFR and almost never harbor mutations in KRAS (Tam et al. 2006) . In countries of Southeast Asia, lung cancer is more common in never-smokers than in smokers; thus, racial background, smoking history, and gene mutation status should be considered when designing and interpreting clinical trials in NSCLC with EGFR-TKIs.
SUMMARY AND CONCLUSIONS
Predictive molecular biomarkers for NSCLC patients treated with EGFR TKIs have largely been determined from studies of small case series and retrospective analyses of subsets of patients from randomized trials; in some cases, these were extracted from negative clinical trials. Overall, the predictive data generated to date can be summarized as follows:
1. EGFR mutations predict dramatic tumor shrinkage but have not been shown to be a good marker for the clinically meaningful endpoint of prolonged survival. 2. EGFR protein expression, as determined by IHC, predicts greater treatment benefit in BR.21 but is not a predictor of benefit in TRIBUTE. 3. High EGFR gene copy number may be the single molecular marker that is most predictive for erlotinib monotherapy. 4. KRAS mutations, which are positively associated with smoking history, select for a subset of patients who do not appear to benefit from erlotinib therapy. 5. Never-smoker status is consistently predictive of greater erlotinib benefit (survival and response) for monotherapy and in combination with chemotherapy.
This and other emerging diagnostic information will aid significantly in designing future studies and, ultimately, should help physicians decide which patients will be most likely to benefit from EGFR TKIs. 
